Introduction
Receptor tyrosine kinases (RTKs) bind soluble extracellular growth factors and induce the activation of intracellular signaling pathways. These signal transduction mechanisms regulate a wide range of biological outcomes, including cellular proliferation, differentiation, motility and survival. The induction of the appropriate biological response requires signaling of the correct magnitude and kinetics. Further, dysregulated activation of many RTKs through mechanisms including mutations, overexpression, structural rearrangements, disruption of autocrine/paracrine loops and inactivation of regulatory constraints, is implicated in multiple human neoplasias (Blume-Jensen and Hunter, 2001 ). Thus, signaling through RTKs must be subject to tight regulation.
The epidermal growth factor receptor (EGFR) has served as a paradigm for the elucidation of RTKinduced signaling pathways, as well as the pathways that restrain signal transduction. Although multiple mechanisms serve to limit signaling through EGFR (Fiorini et al., 2001; Dikic and Giordano, 2003) , the major process involves ligand-induced receptor endocytosis, which is coupled to degradation of both the receptor and the cognate growth factor (Waterman and Yarden, 2001 ). This irreversible mode of signal attenuation is critical for the appropriate extent and duration of signaling, and much focus has been placed on elucidating the mechanisms underlying receptor internalization, endosomal sorting and degradation. This review will discuss the current knowledge of these pathways, highlighting the emerging role of the ubiquitin system. We will focus primarily on analyses of the regulation of EGFR (also called ErbB-1), as well as describe insights from other receptor systems in mammalian cells and in yeast. A major open theme of this review is the understanding of mechanisms that sort active receptors to degradation, and we discuss the evidence that these sorting events are regulated by post-translational modification of both receptor cargo and components of the endocytic machinery by phosphorylation and ubiquitylation. What are the physiological implications of receptor endocytosis? One general implication is related to diversification of signaling output. For example, although the ErbB signaling network converges on a limited number of signaling pathways, these nonetheless generate diverse biological outcomes, in part because specific homo-and heterodimeric receptors differ in the kinetics of their endocytosis (reviewed in Yarden and Sliwkowski, 2001) . Another important implication of receptor endocytosis is relevant to defective routing of RTKs, which often leads to oncogenesis. The ability of oncogenic receptor mutants to escape ubiquitylation and endocytosis has recently been reviewed (Peschard and Park, 2003; Shtiegman and Yarden, 2003) . Hence, we will only briefly relate to this aspect in the last part of this review.
The journey to the lysosome: major highlights
The basic process of endocytosis may have developed as a mechanism that allowed uptake of nutrients and destruction of pathogens, but evolved to allow for termination of signaling through protein degradation. However, RTK endocytosis should not be considered as an on/off switch for signaling through protein destruction, but rather a fine-tuning mechanism that ensures the appropriate biological outcome through modulation of signal strength and duration (Marshall, 1995) . Further, internalization of receptors from the plasma membrane may enable their signaling through a distinct set of intracellular substrates and effectors (Wiley and Burke, 2001) . Mechanistically distinct pathways of endocytosis have been characterized, including phagocytosis, pinocytosis and receptor-mediated endocytosis. This discussion focuses primarily on the regulation of RTKs upon ligand stimulation, which entails the internalization of receptor dimers through clathrincoated membranes, and the mechanisms through which ubiquitin regulates this pathway. A schematic of the endocytic pathway is presented in Figure 1 , and includes the sites of action of important regulators of EGFR trafficking, which will be discussed below.
Clathrin triskelions assemble at the membrane and form a polyhedral lattice. The AP2 adaptor complex triggers the formation of clathrin-coated vesicles (CCVs), and detachment of the vesicle from the plasma membrane, or fission, is mediated by the GTPase dynamin. The CCV sheds clathrin and fuses with an internal vesicle to form the early endosome, which proceeds along the endocytic pathway to the late endosome through a mechanism that involves both regulatory proteins and phosphoinositides (reviewed in De Camilli et al., 1996) . Endocytic vesicle maturation is concomitant with a reduction in the internal pH and the accumulation of hydrolytic enzymes. Early and late endosomes are defined by the kinetics with which cargo arrives in these compartments, as well as morphologically, as early endosomes are often localized at the cell periphery and are more tubular, whereas late endosomes are more spherical and closer to the nucleus. Segregation in late endosomes involves invagination of the limiting membrane and budding into the lumen to form internal vesicles, and thus this sorting compartment is called multivesicular bodies (MVB). It is of interest to note that internalized EGFRs can Cbl is then phosphorylated and ubiquitylates the EGFR. Ubiquitylated receptors are sorted into clathrin-coated pits by a multiprotein complex that includes coat adaptors such as Epsin and Eps15. Fission of clathrin-coated vesicles is mediated by a GTPase, dynamin. In addition, Cbl-mediated recruitment of CIN85 and endophilin may promote negative membrane curvature and invagination. Progression through the endocytic pathway is characterized by the shedding of clathrin, a decrease in the internal pH and the accumulation of hydrolytic enzymes. EGFR trafficking from early to late endosomes/MVB is dependent on its continued association with Cbl and its sustained ubiquitylation. The guanine nucleotide exchange factor Rabex/Vps9 regulates endosomal membrane fusion through activation of another GTPase, Rab5. MVB sorting is regulated through recognition of ubiquitylated cargo by Hgs/Vps27p, Tsg101/Vps23p and other components of ESCRT complexes. Invagination of the limiting membrane of the MVB forms internal vesicles, which in yeast is coupled to substrate de-ubiquitylation by Doa, and dissociation of the ESCRT complex from endosomes, mediated by the AAA ATPase Vps4. Fusion of the MVB with the lysosome results in degradation of the contents of the internal vesicles. Recycling of receptors back to the plasma membrane can occur throughout the endocytic pathway, albeit with decreasing efficiency Endocytosis of receptor tyrosine kinases MD Marmor and Y Yarden still associate with signaling proteins to activate intracellular effectors; however its sorting into lumenal vesicles of the MVB results in the segregation of the cytoplasmic domain of the receptor away from the cytoplasm and terminates signaling. The MVB fuses with the lysosome, delivering the internal contents of the lumenal vesicles for degradation by hydrolytic enzymes in the lysosome. Targeting for lysosomal degradation is subject to multiple steps of regulation, with the first being the sorting process responsible for receptor incorporation into clathrin-coated pits. Further sorting occurs at the level of vesicle fusion to form early endosomes, and at the level of the MVB. Recycling of proteins back to the membrane can occur throughout the endocytic pathway with varying efficiencies, but this process, unlike sorting at the plasma membrane and at the MVB, does not require intrinsic RTK activity (French et al., 1994) . Receptor recycling can be modulated by the induction of signaling pathways, and threonine phosphorylation of EGFR by protein kinase C has been shown to enhance recycling (Bao et al., 2000) . Proteins not destined for lysosomal degradation remain in the outer MVB membrane and are not sorted to internal vesicles (Felder et al., 1990) . Even after transfer to the limiting membrane of MVBs, such proteins can undergo recycling back to the plasma membrane or to other cellular locations. In general, clathrin-dependent receptor endocytosis can be functionally subdivided into two pathways: the constitutive pathway that is dependent on short linear internalization motifs within the endocytic cargo, as exemplified by transferrin receptor (TfR) and catalytically inactive RTKs, and regulated endocytosis, which depends on additional, phosphorylationmediated interactions, as is the case for EGFR and other RTKs. TfR and other constitutively endocytosing proteins such as the low-density lipoprotein (LDL) are internalized due to their constitutive binding to the AP-2 complex, which mediates their recruitment into clathrin-coated pits. These internalization motifs consist of either a dileucine motif or an essential tyrosine residue in the context of NPXY or YXXØ, where X is any amino acid and Ø is a bulky, hydrophobic amino acid (Heilker et al., 1999) . Disruption of this interaction by mutations in either the constitutively endocytosing cargo or in AP-2 abrogates TfR internalization (Nesterov et al., 1999) . In contrast, although EGFR weakly binds AP-2, mutational disruption of this interaction minimally affects the rate of EGFR internalization (Nesterov et al., 1995) . Indeed, clathrin-mediated endocytosis of EGFR depends on a set of additional adaptors that link the receptor to clathrin. Potential adaptors are Eps15, epsin and Hrs/Hgs, all connected by the EH network of relatively weak protein-protein interactions that control endocytosis (Santolini et al., 1999) .
Two post-translational modifications, namely phosphorylation and ubiquitylation, are involved in receptor endocytosis, and their intricate coupling allows for finetuning of the response with much more control than simple determinants. Both modifications are dynamic, and may be reversed by phosphatases and de-ubiquitylating enzymes. Proteins recruited subsequent to phosphorylation and/or ubiquitylation are involved in sorting decisions regulating receptor downregulation, at the level of internalization. Although catalytically inactive receptors undergo internalization, their rate of endocytosis is independent of ligand binding (Wiley et al., 1991) , and appears to reflect constitutive receptor internalization. How ligand binding accelerates receptor internalization remains unclear. Phosphorylation of substrates like Eps15 (Confalonieri et al., 2000) and c-Cbl (Waterman et al., 2002; Wong et al., 2002b) , and bending of the lipid bilayer (Petrelli et al., 2002; Soubeyran et al., 2002) may play a causative role. Other candidates are modifications of the endocytic machinery, which include the Srcmediated phosphorylation of clathrin heavy chain (Wilde et al., 1999) . Further, ubiquitin modification of both the RTK cargo and the endocytic machinery regulates endocytosis, and descriptions of each category are preceded below by a general introduction to protein ubiquitylation.
An introduction to protein ubiquitylation
Ubiquitylation has been traditionally regarded as a mechanism targeting degradation by the 26S proteasome; however, recent evidence demonstrates that ubiquitin also plays a critical role in nonproteolytic functions such as DNA repair, exocytosis and endocytosis . Ubiquitin is a 76-amino-acid polypeptide that is conjugated post-translationally to a wide variety of substrates. Substrate ubiquitylation is mediated by a series of enzymatic reactions (Hershko and Ciechanover, 1998) , depicted in Figure 2a , consisting of ATP-dependent conjugation of ubiquitin to an active site cysteine residue in an E1 enzyme, followed by transfer to an E2 ubiquitin-conjugating enzyme, also through a thiol-ester linkage. Although some E2s can ubiquitylate substrates directly, in most cases E3 ubiquitin ligases mediate substrate recognition, and are required for ubiquitin conjugation to substrates. There are several types of E3 ligases (Weissman, 2001) , which include catalytic HECT domain-containing proteins, such as Nedd4 family ligases, that proceed through a thiolester:ubiquitin intermediate to transfer ubiquitin to the substrate. In contrast, adaptor E3 ligases bind both substrates and E2 enzymes to enable ubiquitylation, and include proteins containing RING finger domains, such as Cbl, and multiprotein complexes like SCF, as well as U-box-containing proteins, such as CHIP. Recent evidence suggests the existence of an additional type of E3 ligase containing PHD fingers, although it remains unclear whether this represents a modified RING finger domain. The ubiquitylation reaction results in the formation of an isopeptide bond between the carboxyl terminus glycine residue of ubiquitin (glycine 76) and the e amino group of a lysine residue within the substrate. Ubiquitylation is reversible, and ubiquitin can be removed by the action of de-ubiquitylating enzymes (Wilkinson, 2000) .
Chain linkage of ubiquitin occurs upon conjugation of the C-terminal glycine of ubiquitin to a lysine residue within ubiquitin itself. The different types of substrate ubiquitylation are schematically represented in Figure 2b , and include the conjugation of one ubiquitin moiety to a protein (monoubiquitylation), several single ubiquitin moieties per substrate (multiubiquitylation), or substrate polyubiquitylation with linked ubiquitin chains. Lysine 48 (K48)-linked polyubiquitylation, composed of a minimal unit of four ubiquitin moieties, targets proteins for degradation by the 26S proteasome, and occurs mainly on cytosolic and nuclear proteins. In addition, K48-linked polyubiquitylation is implicated in the endoplasmic reticulum-associated degradation (ERAD) pathway, a quality control mechanism that targets misfolded proteins for retrotranslocation from the ER and proteasomal degradation. In contrast, chains linked through K29 and K63 mediate other, nonproteasomal cellular functions, while monoubiquitylation plays a role in the regulation of endocytosis and targeting for lysosomal degradation, in addition to histone activity and DNA repair (Pickart, 2000) .
Receptor ubiquitylation by the Cbl ubiquitin ligase
Initial studies that analysed downregulation of EGFR and the receptor for the platelet-derived growth factor (PDGF) focused the attention on c-Cbl as a modifier of receptor ubiquitylation Miyake et al., 1998) . Later analyses confirmed that Cbl family proteins play a critical role in the ligand-dependent endocytosis of EGFR and other RTKs through their E3 ubiquitin ligase activity, and as multivalent adaptors that bind over 40 proteins Tsygankov et al., 2001) . The domain structure of c-Cbl is depicted in Figure 3 . The three Cbl family members, cCbl, Cbl-b and Cbl-3, contain a tyrosine kinase binding (TKB) domain that binds phosphotyrosine residues in multiple receptor and nonreceptor tyrosine kinases. The TKB consists of a four helix bundle, a calcium binding EF hand and an SH2 domain. Further, Cbl proteins contain a RING finger domain, which binds the E2-conjugating enzyme UbcH7 (Yokouchi et al., 1999a) and mediates ubiquitin ligase activity. Downstream of the RING finger is a variable proline-rich C-terminal extension, which interacts with multiple SH3 domaincontaining proteins, including Grb2, Src and CIN85. cCbl contains a C-terminal ubiquitin-associated (UBA) domain whose function is unclear, although UBA domains in other proteins have been shown to bind ubiquitin. Further, the region containing the UBA domain may form a leucine zipper that mediates homodimerization (Bartkiewicz et al., 1999) . In addition, c-Cbl undergoes tyrosine phosphorylation and subsequent SH2 domain-mediated binding to proteins such as Vav and the p85 subunit of the phosphatidylinositol 3 0 kinase (PI3K). The multitude of proteinprotein interactions lead to the participation of Cbl in a Figure 2 Protein ubiquitylation. (a) The ubiquitylation reaction consists of three steps: the single ubiquitin activating enzyme or E1 mediates the ATP-dependent activation of the C-terminal glycine of ubiquitin, which is conjugated to an active site cysteine through a thiol-ester linkage. Ubiquitin is then transferred to a cysteine in the active site of one of several ubiquitin-conjugating enzymes or E2s. Although some E2s can ubiquitylate substrates directly, in most cases an E3 ubiquitin ligase is required, and they provide the specificity of the ubiquitylation reaction by binding substrates. There are multiple E3 ubiquitin ligases, with two major types that mediate ubiquitylation in a distinct manner: HECT domaincontaining E3s, such as Nedd4, form a thiol-ester linkage with a ubiquitin transferred from the E2, which is subsequently conjugated to the substrate. RING finger E3s, including Cbl, function as adaptors that bind both E2 enzymes and substrates to coordinate substrate ubiquitylation. Both reactions result in the formation of an isopeptide bond between the C-terminal glycine of ubiquitin and the e-amino group of a lysine residue within the substrate. Several types of substrate modification by ubiquitin can ensue (b) conjugation with one ubiquitin moiety (monoubiquitylation), conjugation with multiple ubiquitin monomers (multiubiquitylation) or the formation of a ubiquitin chain branched at internal lysines within ubiquitin (polyubiquitylation) Figure 3 Domain structures of proteins involved in regulating endocytosis of growth factor receptors. The highlighted domains of c-Cbl, Eps15, Hgs and Tsg101 are involved in the ubiquitin system. The following abbreviations were used: TKB, tyrosine kinase binding; Pro, proline rich; UBA, ubiquitin associated; EH, Eps15 homology; UIM, ubiquitin interaction motif; VHS, Vps27/Hrs/ STAM; FYVE, Fab1/YOTB/Vac1/EEA1; Pro/Gln, proline and glutamine rich; UEV, ubiquitin E2 variant; CC, coiled coil; SB, steadiness box
Endocytosis of receptor tyrosine kinases
MD Marmor and Y Yarden wide variety of signaling pathways, and in at least one case, Cbl plays a positive regulatory role, namely in bone reabsorption in osteoclasts (Tanaka et al., 1996) . c-Cbl functions in a stimulation-dependent manner to mediate the ubiquitylation of EGFR and promote its degradation (Joazeiro et al., 1999; Levkowitz et al., 1999; Waterman et al., 1999; Yokouchi et al., 1999a) . cCbl also regulates multiple additional RTKs, including the receptors for the platelet-derived growth factor (PDGFR; Miyake et al., 1998) , colony stimulating factor 1 (CSF-1R; Lee et al., 1999) , ErbB-2 (Klapper et al., 2000) , Met (Peschard et al., 2001) and Ron (Penengo et al., 2003) , as well as cytokine receptors and the T-cell receptor. The E3 ligase activity of Cbl is regulated by ligand stimulation. Firstly, treatment with EGF results in the recruitment of Cbl to phosphotyrosine 1045 of EGFR . Comparably, Cbl has been shown to bind to specific tyrosine residues in CSF-1R, Met and ErbB2 (Klapper et al., 2000; Peschard et al., 2001; Wilhelmsen et al., 2002) . cCbl can also bind to RTKs indirectly through adaptor proteins, such as Grb2-mediated binding to EGFR (Waterman et al., 2002) , APS-mediated binding to PDGFR (Yokouchi et al., 1999b) and Grb2-and FRS2-mediated binding to FGFR (Wong et al., 2002a) . Subsequently, Cbl is itself subject to tyrosine phosphorylation by EGFR at residue 371, which stimulates the ubiquitin ligase activity . Receptor ubiquitylation then regulates its endocytic degradation, as described below. Cbl may not be the only E3 ubiquitin ligase capable of mediating RTK ubiquitylation, and other E3 family ligases may function analogously. A recent report characterized the ligandinduced, Grb10-mediated coupling of the insulin-like growth factor receptor to Nedd4 (Vecchione et al., 2003) . Further, the Cbl-like ubiquitin ligase Hakai was shown to promote the ubiquitylation and endocytosis of the adhesion molecule E-cadherin (Fujita et al., 2002) . However, Cbl may regulate receptor endocytosis by an additional mechanism, which entails binding to the CIN85 adaptor, which couples Cbl to endophilins. The CIN85/endophilin complex is thought to induce the negative membrane curvature required for invagination during endocytosis (Petrelli et al., 2002; Soubeyran et al., 2002) . Interestingly, CIN85 undergoes Cbl-mediated monoubiquitylation, and is subject to lysosomal degradation (Haglund et al., 2002) . Indeed, the whole signaling complex induced by EGFR, including such adaptors as Grb2, Shc and CIN85, may be degraded by the lysosome in a Cbl-dependent manner (Ettenberg et al., 2001; Haglund et al., 2002) .
RTK signaling and endocytosis can also be modulated by polyubiquitylation and degradation by the 26S proteasome, and can be mediated downstream of the association of Cbl with many effectors important for EGFR signaling. In addition, Cbl itself undergoes ubiquitylation and proteasomal degradation, which may be promoted upon its tyrosine phosphorylation by Src (Yokouchi et al., 2001 ). This in turn can lead to enhanced EGFR signaling, through diminished Cblmediated ubiquitylation and increased receptor levels (Bao et al., 2003) . Further, an additional level of regulation is implied by the interaction of Cbl with HECT family E3 ubiquitin ligases (Courbard et al., 2002) . Thus, through complex modes of regulation, effects on negative regulators can promote receptor signaling. For example, RTK signaling induces the expression of Sprouty, which promotes EGFR signaling through binding to Cbl and antagonizing its function (Hall et al., 2003; Rubin et al., 2003) . In turn, the levels of Sprouty, a cytosolic protein, are regulated by Cblmediated polyubiquitylation and proteasomal degradation. Other E3 ligases may also function to regulate RTK endocytosis and signaling. SOCS family proteins are transcriptionally induced following signaling through many receptors for growth factors and cytokines, and through binding ElonginB/C, they may couple substrate recognition with ubiquitylation and proteasomal degradation of receptors and/or effectors, as has been demonstrated for Vav degradation (De Sepulveda et al., 1999 .
Role of cargo ubiquitylation in RTK endocytosis
Modification of plasma membrane proteins by monoubiquitylation appears to serve as a signal sufficient to induce internalization and endocytic trafficking. Two recent reports demonstrate that in-frame fusion of ubiquitin to EGFR resulted in the constitutive internalization and enhanced degradation of the chimeric protein (Haglund et al., 2003; Mosesson et al., 2003) . These chimeras utilized ubiquitin in which the Cterminal glycine was mutated or deleted to ablate further conjugation. Furthermore, Cbl was shown to mediate monoubiquitylation of EGFR in in vitro reconstitution assays and, moreover, the smeary pattern of RTK ubiquitylation that is typically observed was shown to correspond to modification with multiple monoubiquitin moieties, rather than polyubiquitylation (Haglund et al., 2003; Mosesson et al., 2003) .
These data demonstrate that monoubiquitylation is sufficient to induce endocytosis and lysosomal degradation in mammalian cells, as was originally reported in yeast (Hicke and Riezman, 1996) . Nonetheless, Cblmediated ubiquitylation of RTKs seems more critical for late endosomal sorting than for the initial internalization step. Cbl can associate with and ubiquitylate EGFR at the plasma membrane (Stang et al., 2000; Longva et al., 2002) ; however, Cbl remains associated with EGFR throughout the endocytic pathway through to their colocalization in the internal vesicles of the MVB de Melker et al., 2001) . Further, sustained ubiquitylation in endosomes was shown to be necessary for postinternalization sorting into the internal vesicles of the MVB (Longva et al., 2002) . Dominant negative mutants of Cbl have been reported to inhibit receptor degradation and also to accelerate recycling, but no effect on the internalization rate was detectable . Consistent with the notion that Cbl-mediated ubiquitylation may not be necessary for RTK internalization, a recent report utilizing Cbl-deficient mouse embryo fibroblasts demonstrated that while EGFR does not undergo appreciable ligand-induced ubiquitylation in these cells, the rate of ligand-induced internalization was almost unchanged from Cbl-sufficient cells, but late endosomal sorting and lysosomal degradation were abrogated (Duan et al., 2003) . In contrast, the rate of internalization of another RTK, CSF-1R, is slower in Cbl-deficient cells (Lee et al., 1999) , mutation of the Cbl docking site of EGFR (tyrosine 1045) decelerated the rate of receptor internalization and enhanced recycling (Waterman et al., 2002) , and binding of Cbl's partner, Grb-2, controls the rate of receptor internalization (Jiang et al., 2003) , implying secondary involvement of Cbl, either as an adaptor or as an E3 ligase, in the internalization step.
Analysis of endocytosis of the G-protein-coupled chemokine receptor CXCR4 supports a requirement for cargo ubiquitylation in late endosome sorting, but not internalization. CXCR4 undergoes ligand-induced ubiquitylation, internalization and degradation. Although ubiquitylation occurs at the plasma membrane, mutation of the ubiquitin-acceptor lysine residues did not result in a defect in internalization, but rather in a profound inhibition of degradation (Marchese and Benovic, 2001 ). This result may reflect the utilization of alternative pathways for receptor internalization, and may be mediated through the interaction of CXCR4 with arrestin, which promotes its association with clathrin-coated pits (Orsini et al., 1999) .
The endocytic machinery: an assembly of ubiquitinbinding coat adaptors
Endocytosis is regulated by large complexes composed of multidomain proteins, which mediate both enzymatic activities and binding to proteins or lipids (reviewed in De Camilli et al., 1996; Santolini et al., 1999) . The recent identification of ubiquitin-interacting motifs (UIMs) in many endocytic adaptors (Hoffman and Falquetb, 2001) led to a burst of studies, which implicated cargo monoubiquitylation as a recognition signal for endocytic components (Table 1) , although this remains to be proven experimentally. The precise role of cargo ubiquitylation, as well as ubiquitylation of components of the endocytic machinery, remains unclear, and the reader is referred to some recently proposed models . The role of several ubiquitin-binding endocytic proteins has been extensively investigated with respect to EGFR endocytosis. Two prominent examples of proteins modulated by EGFR and responsible for ligand-induced coupling of the receptor to the endocytic machinery are EGFR pathway substrate clone 15 (Eps15) and hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs), which was renamed Hgs. The domain structure of Eps15 is represented in Figure 3 , and includes multiple protein-protein interaction modules. Eps15 contains three Eps15 homology (EH) domains, also present in additional endocytic proteins, which bind the NPF tripeptide motif within sequence context (Salcini et al., 1997) . Through its EH domain, Eps15 binds a number of proteins involved in endocytosis, including Epsin and synaptojanin. A central coiled-coil domain mediates the homodimerization of Eps15, as well as its association with other endocytic proteins such as intersectin. Further, Eps15 contains multiple DPF tripeptide motifs, which bind to the clathrin coat through AP2, and UIMs, the function of which will be detailed below.
In response to stimulation of cells with EGF, Eps15 undergoes tyrosine phosphorylation and recruitment to the plasma membrane (Torrisi et al., 1999) . Eps15 mediates accelerated receptor recruitment to AP2 complexes, which drives the assembly of clathrin-coated vesicles. Eps15 is absent from CCVs, but appears to relocalize to uncoated vesicles and endosomes, suggesting that it functions at several stages of endocytosis. Eps15 is required for both constitutive and receptormediated endocytosis, although its recruitment to each pathway differs. Disruption of Eps15 function by dominant negative mutants or microinjection of interfering antibodies inhibited both TfR and EGFR endocytosis (Carbone et al., 1997; Benmerah et al., The yeast form contains a UBA domain. A ubiquitin-associated (UBA) domain is found within many proteins involved in the ubiquitin system, including several E2 and E3 enzymes, and ubiquitin carboxyl-terminal hydrolases, and has been best characterized in Rad23, a protein involved in DNA repair (Madura, 2002 Katz et al., 2002) . In Drosophila melanogaster, ablation of Hgs expression inhibits the degradation of activated RTKs and leads to enhanced signaling (Lloyd et al., 2002) . Hgs exerts its functions through various protein interactions, including the UIM-directed binding of ubiquitylated proteins. The multidomain structure of Hgs is depicted in Figure 3 . Hgs contains an FYVE domain, also found in other endosomal proteins such as EEA1, which binds phosphatidylinositol 3-phosphate and is implicated in endosomal localization (Stenmark et al., 1996) . Hgs also requires the proline-and glutamine-rich C-terminal region for its localization in endosomes (Hayakawa and . Hgs interacts with the clathrin coat, and is implicated in association with clathrin in early endosomes (Raiborg et al., 2001) . The coiled-coil domain of Hgs interacts with sorting nexin 1, which is implicated in the regulation of intracellular sorting (Chin et al., 2001) , as well as signal transducing adaptor molecule (STAM), another UIM-containing protein, and Hgs-binding protein (Hbp), both implicated in the regulation of growth factor receptor levels and signaling (Asao et al., 1997; Takata et al., 2000) . Hgs interacts with Eps15, and negatively regulates its function by affecting the interaction of Eps15 with AP2 (Asao et al., 1997; Takata et al., 2000; Bache et al., 2003b) . Hgs also binds SNAP25, thereby inhibiting formation of the SNARE complex, and regulating endosomal membrane fusion (Sun et al., 2003) , as well as binds a deubiquitylating enzyme, UBPY .
The UIM domain, originally characterized in the proteasome subunit S5a, is present in one or more copies in Epsins, Eps15 and Eps15R, Hgs and STAM (Hoffman and Falquetb, 2001 ). The UIM motif in these proteins not only binds ubiquitin but also directs self monoubiquitylation, as will be discussed below Klapisz et al., 2002; Oldham et al., 2002; Polo et al., 2002; Raiborg et al., 2002; Shih et al., 2002) . UIM-mediated binding may enable these adaptor proteins to couple ubiquitylated cargo with the machinery directing various stages of endocytosis, perhaps with Epsins and Eps15 functioning at the plasma membrane, and Hgs, as well as STAM, functioning at early endosomes and MVB. Ubiquitin modification of substrates may thus form an alternative, inducible way to recruit the clathrin machinery for internalization, through adaptor proteins that bind both ubiquitin and the clathrin/AP-2 complex. Hence, cargo ubiquitylation may be similar to tyrosine phosphorylation that mediates inducible binding of proteins with SH2 or phosphotyrosine binding (PTB) domains, and with the potential for reversibility by enzymatic removal of the phosphorylation or ubiquitylation tag.
Ubiquitylation of the endocytic machinery: possible roles in sorting events
Early lines of evidence indicated that ubiquitylation of components other than the cargo is required for correct functioning of the endocytic/degradative machinery. Downregulation of the growth hormone receptor was shown to require a functional ubiquitylation system, but did not require ubiquitylation of the receptor itself (Govers et al., 1998 (Govers et al., , 1999 . Similarly, evidence in yeast demonstrated that the Nedd4 ortholog, Rsp5p, must ubiquitylate a component of the endocytic machinery for endocytosis of membrane proteins like Gap1 and Ste2p (Springael et al., 1999; Dunn and Hicke, 2001 ). Many components of the endocytic machinery have been shown to be ubiquitylated. The UIM-containing proteins Epsins, Eps15, Hgs and STAM are ubiquitylated in a UIM-dependent manner, at a site distinct from the domain itself Klapisz et al., 2002; Oldham et al., 2002; Polo et al., 2002; Raiborg et al., 2002; Shih et al., 2002) . These domains do not possess intrinsic E3 ligase activity, but they must recruit an E3. Most UIM-containing proteins undergo monoubiquitylation. The mechanistic basis for mono-versus polyubiquitylation of substrates is unclear, and a single E3 ligase can induce both types of modifications on different substrates. Several models have recently been proposed for how ubiquitin-binding motifs direct selfmonoubiquitylation, and not polyubiquitylation and inappropriate degradation. Accordingly, the UIM domain may bind ubiquitin in the thiol-ester intermediate of E3 ubiquitin ligases . Ubiquitin is then transferred to the UIM-containing protein, which no longer interacts with the E3 ligase and is not subject to polyubiquitylation. According to an alternative model, intramolecular interactions between the UIM and ubiquitin masks the lysine residue at position 48, the main site for ubiquitin branching, thus inhibiting further chain assembly (Shekhtman and Cowburn, 2002) .
The exact functions of ubiquitin and UIMs in endocytosis remain unknown. The model presented in Figure 4 depicts one potential role for ubiquitin-binding coat adaptors in endocytosis of RTKs. Ubiquitin may function as a recognition element in cargo sorting, and/ or as a reversible docking site that modifies the assembly or activity of UIM-bearing complexes involved in sorting. The characteristic dual function of UIMs, namely binding to ubiquitin and directing ubiquitylation in cis, will enable UIM domains to promote the nucleation of multiprotein complexes. Further, selfubiquitylation may affect the activity of these proteins, as demonstrated by the UIM of Hgs, which negatively regulates Hgs function in RTK degradation . This may occur through an intramolecular interaction of the UIM domain and self-ubiquitin, resulting in an inactive 'closed' configuration (see Figure 4) , similar to the inactive conformation of Src (Brown and Cooper, 1996) . Analogously, and as described below, the CUE ubiquitin-binding domain of Vps9 similarly inhibits in cis the fusogenic function of Vps9 (Donaldson et al., 2003) . Given the prevalence of intracellular ubiquitin species, there must be some mechanism(s) directing the specificity of ubiquitin binding, analogous to phosphotyrosine binding by SH2 or PTB domains. It is of great interest to define the binding specificities of individual UIM domains, and whether recognition of ubiquitin is affected by the protein context, as well as the affinities for interactions with ubiquitin in 'cis' or 'trans'. In addition, if UIM domains recognize monoubiquitin in specific contexts, multiubiquitylation of RTKs may provide distinct binding sites for recognition by epsins, Eps15 or Hgs.
UIM-containing proteins may cycle between active, nonubiquitylated and inactive, ubiquitylated forms, and this may be regulated by both RTKs and de-ubiquitylating enzymes, as depicted in Figure 4 . Eps15 ubiquitylation is induced upon stimulation with EGF (van Delft et al., 1997) . Ubiquitylation of Eps15 and Hgs was shown to be mediated by Nedd4 E3 ligases Polo et al., 2002) , and yeast Rsp5p/Nedd4 genetically interacts with the ortholog of Eps15 (Wendland and Emr, 1998). The activity of Nedd4 family ligases may be regulated by RTKs, as Nedd4 and the Nedd4-like ligase AIP4 are phosphorylated following stimulation with EGF (Morrione et al., 1999; Courbard et al., 2002) . Further, the de-ubiquitylating enzyme Fat Facets interacts with Epsin to regulate signaling and endocytosis necessary for normal eye development in D. melanogaster (Cadavid et al., 2000) .
Recently, ubiquitin recognition was found to play a role in another aspect of endocytosis. Rabex and its yeast homolog Vps9 are guanine nucleotide exchange factors that promote endosomal membrane fusion through activation of the Rab5/Vps21 GTPase (Esters et al., 2001) . Rabex/Vps9 contains a CUE (coupling of ubiquitin conjugation to endoplasmic reticulum degradation) domain that, like the UIM, binds ubiquitin and directs self-monoubiquitylation (Donaldson et al., 2003; Shih et al., 2003) . Consistent with the possibility that CUE domains and UIM motifs share functional characteristics, the interaction between the CUE domain and ubiquitin appears to mediate recognition of ubiquitylated cargo, as well as activate Rabex/Vps9 upon cargo binding. In addition, within a CUEubiquitin complex, the branching site of ubiquitin at lysine 48 is 'capped', thereby preventing polyubiquitylation (Kang et al., 2003) . Thus, endosomal vesicle fusion may be regulated by cargo, through a mechanism in which binding of the CUE domain to ubiquitylated cargo relieves an autoinhibitory intramolecular interaction. Figure 4 Hypothetical model of the mechanism of regulation of RTK endocytosis by ubiquitin-binding coat adaptors. Ligand binding induces RTK activity, thereby recruiting Cbl, which ubiquitylates the receptor. Coat adaptors including epsins, Eps15, Hrs and STAM contain UIMs that may bind to ubiquitylated receptors. Through their association with both clathrin and ubiquitylated cargo, these adaptors can couple activated RTKs to the internalization machinery. Further, the UIM motifs direct self-ubiquitylation, mediated by Nedd4 family E3 ligases. The function of self-ubiquitylation is currently unknown, as is the role of RTK-induced phosphorylation of endocytic adaptors. According to one model, self-ubiquitylation dictates an ordered assembly/disassembly of multiprotein endocytic complexes. Alternatively, the depicted model proposes that self-ubiquitylation, through intramolecular ubiquitin recognition, promotes dissociation from cargo. Ubiquitylation may be regulated by both RTK activity and de-ubiquitylating enzymes (UBPs), like Fat Facets and its mammalian homolog Fam, leading to cycling of UIM-containing adaptors between active and inactive configurations. Similar loading/unloading cycles of ubiquitin-binding coat adaptors may control sorting at the MVB
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Ubiquitin as an MVB sorting signal
The available evidence suggests that ubiquitin is critical for MVB sorting, and again the mechanisms underlying this process may relate to the recognition of cargo's ubiquitin by components of the sorting machinery. However, like in early sorting events taking place at the plasma membrane, no direct proofs are available, and moreover, the likely interaction between Cbl and MVB components has not been reported. The components of the MVB sorting machinery were uncovered in large part by genetic analyses in yeast, which led to the identification of more than 50 proteins implicated in vacuolar protein sorting (Vps). Vps mutants can be subdivided based on the transport step in which they are required (Conibear and Stevens, 1998) . The 17 class E Vps proteins are required for MVB sorting, and disruption of their function results in the accumulation of aberrant late endosomes, known as the 'class E' compartment . MVB sorting to internal vesicles appears to be promoted through the recognition of ubiquitin tags by class E Vps complexes. Vps23p has a ubiquitinconjugating-like (Ubc-like) domain, also called ubiquitin E2 variant (UEV) domain, which has homology to ubiquitin conjugating enzymes, but lacks catalytic activity due to the absence of a requisite active site cysteine residue. Vps23p is part of a recently identified 350 kDa complex denoted ESCRT-I, for endosomal complex required for transport, which also contains multiple copies of two other class E proteins, Vps28p and Vps37p (Katzmann et al., 2001) . The ESCRT-I complex is recruited from the cytoplasm to the endosomal membrane and is required for sorting MVB cargo (Babst et al., 2000; Katzmann et al., 2001) . The mammalian homolog of Vps23p, tumor susceptibility gene 101 (Tsg101), also assembles into a 350 kDa complex transiently associated with endosomal membranes, along with Vps28, although the mammalian homolog of Vps37 is unknown (Babst et al., 2000) . The UEV domain of Vps23p is required for interaction with ubiquitylated cargoes, and this domain of Tsg101 has been shown to bind ubiquitin (Garrus et al., 2001; Pornillos et al., 2002a) . Thus, Tsg101/Vps23p may direct MVB sorting by binding ubiquitylated proteins. Reminiscent of E3 ligase-defective mutants of Cbl, inactivation of Tsg101 inhibits EGFR degradation and increases recycling, concomitant with prolonged EGF-stimulated signaling and ERK activation (Babst et al., 2000; Bishop et al., 2002) .
Genetic analyses implicated additional complexes in the sorting of MVB cargoes downstream of ESCRT-I (Babst et al., 2002; Katzmann et al., 2002) . Vps4, another class E protein required for sorting membrane proteins for vacuolar degradation, is an AAA-type ATPase that is recruited to endosomes by a complex called ESCRT-III, and induces the dissociation of the entire ESCRT complex from endosomes. ESCRT-III also recruits the de-ubiquitylating enzyme Doa4 to endosomes (Amerik et al., 2000) . Thus, dissociation of the complex from endosomes is accompanied by removal of ubiquitin from cargo proteins, prior to their entry into internal vesicles.
MVB sorting may result from the sequential action of ubiquitin-interacting components of the sorting machinery. A recent report characterized the direct association of Hgs and Tsg101, via a PTAP tetrapeptide motif in Hgs, which binds the UEV domain of Tsg101 (Lu et al., 2003) . The Hgs-Tsg101 interaction was shown to be required for EGFR transport from early to late endosomes. Hgs may bind ubiquitylated cargo at the membrane of early endosomes and recruit Tsg101, which then also interacts with ubiquitin moieties on the cargo to direct it to ESCRT complexes for subsequent trafficking. As was observed for the UEV domain of Tsg101, the UIM domains of Hgs/Vps27p regulate sorting of MVB cargoes Raiborg et al., 2002; Shih et al., 2002) . Further, mutation of the UIM of STAM/Hse, a protein associated with Hgs/Vps27p, also results in MVB sorting defects (Bilodeau et al., 2002) . The yeast ortholog of Hgs, Vps27p, is a class E protein, and mammalian cells lacking Hgs also accumulate a class Elike compartment (Komada and Kitamura, 2001) . A similar phenotype is observed in cells overexpressing Hgs, with accumulation of EGFR in vesicular aggregates, suggesting that a regulated amount of cellular Hgs is necessary for correct endosomal function.
An unexpected source of information on receptor sorting at the MVB is currently emerging from studies on the budding process of retroviruses (reviewed in Pornillos et al., 2002b; Freed, 2003) . This process is topologically similar to internal vesicle invagination into the MVB, as both entail budding of vesicles away from the cytoplasm. The HIV-1 Gag polyprotein is ubiquitylated, and while viral budding is abrogated in the absence of a functional ubiquitylation system, it remains unclear whether this relates to ubiquitylation of Gag or of the endocytic machinery. Further, Gag polyproteins of some viruses utilize a PTAP late domain motif to bind to the UEV domain of Tsg101, while Gag proteins of other viruses bind to a Nedd4 family E3 ligase (Kikonyogo et al., 2001) . Binding of Gag HIV protein to Tsg101 induces its translocation from endosomes to the plasma membrane. Further, similar to effects on cargo endocytosis, overexpression of an ATPase-defective mammalian Vps4 (SKD1) blocks HIV-1 budding (Bishop and Woodman, 2001; Garrus et al., 2001 ). The precise role for ubiquitin-mediated regulation of the budding of viral particles remains unclear; however, it appears that viruses subverted the cellular machinery used for MVB sorting in order to mediate viral egress. Thus, the process of retroviral budding likely relates to ubiquitylation of the endocytic machinery, as well as the recognition of ubiquitin by multiple ubiquitin-binding components of the endocytic machinery.
Influence of receptor trafficking on signaling output
Although signaling to certain pathways may occur when receptors are present in endosomes (e.g., Src and RasErk; reviewed in Wiley and Burke, 2001) , it is widely Endocytosis of receptor tyrosine kinasesaccepted that most mitogenic signals are initiated at the cell surface (Di Fiore and Gill, 1999) . Because prolonged signaling translates either to excessive mitogenesis or to a differentiation cue, depending on the cellular context (Marshall, 1995) , receptor overexpression is often associated with either an oncogenic signal or a differentiated phenotype (Traverse et al., 1994) . Presumably, due to the limited capacity of the clathrincoated pit, overexpression of RTKs saturates the endocytic machinery and extends the half-life of receptors in transformed cells, relative to normal counterparts (French et al., 1994) . Another example that demonstrates the influence of RTK trafficking on signaling output is the transforming potential of a noninternalizing mutant of ErbB-1 (Wells et al., 1990) .
Consistent with the sorting endosome and MVB being the major sites of traffic diversion, these organelles are the subject of many oncogenic manipulations. For example, the E5 protein of the human papilloma virus, which blocks an endosomal ATPase, shunts internalized receptors to the recycling pathway (Straight et al., 1995) . Likewise, poxviruses encode multiple EGF-like ligands, which are mitogenically more potent than their mammalian counterparts because the viral ligands cause only limited receptor downregulation . A variation on this theme is presented by the transforming growth factor a (TGFa), whose mitogenic superiority is explained by the instability of the ligand-receptor complex in the mildly acidic early endosome, which does not support sustained receptor ubiquitylation or sorting into internal MVB vesicles, but rather promotes recycling (Ebner and Derynck, 1991; Longva et al., 2002) . Sorting of ErbB-1 in the late endosomes is disrupted in murine fibroblasts deficient in Tsg101 (Babst et al., 2000) ; instead of degradation in lysosomes, receptor molecules are sorted to the recycling pathway. Altered trafficking of RTKs may thus explain the tumor suppressive action of the tsg101 gene in animals (Li and Cohen, 1996) . In line with transforming activity, aberrant splicing, partial deletions or overexpression of Tsg101 have been detected in human cancers (Gayther et al., 1997; Lee and Feinberg, 1997; Lin et al., 1998; Liu et al., 2002) . Similarly, ubiquitylation-defective naturally occurring mutants of c-Cbl accelerate recycling of RTKs, and have been identified as oncogenic proteins. Thus, the transforming protein of the CAS NS-1 retrovirus encodes a truncated form of c-Cbl lacking the carboxyl terminal domain, including the RING finger (Langdon et al., 1989) . Another oncogenic mutant, 70Z-Cbl, includes a deletion of 17 amino acids within the RING, and its expression elevates the kinase activity of EGFR (Thien and Langdon, 1997) . Both mutants can still interact with phosphorylated receptors, and can therefore act in a dominant negative manner through competition with wild-type proteins.
Escape from a Cbl-mediated degradative fate is shared by several oncogenic RTKs (Peschard and Park, 2003; Shtiegman and Yarden, 2003) . Several naturally occurring oncogenic versions of RTKs acquired transforming ability due, in part, to deletions of intrinsic Cbl docking site. Tpr-Met, a fusion between the hepatocyte growth factor receptor and a dimerization domain, is a constitutively active kinase in which a juxtamembranal tyrosine responsible for Cbl binding is deleted (Peschard et al., 2001) . Another example is the viral erbB oncogene of the avian erythroblastosis virus. The encoded mutant of ErbB-1 contains several mutations and deletions, but several virulent strains share deletions of a region encompassing the c-Cbl-specific docking site (Shu et al., 1991) . Further, v-Fms is an oncogenic viral mutant of CSF-1 receptor, which also lacks the Cbl-binding site involved in the downregulation of its cellular counterpart (Wilhelmsen et al., 2002) .
Coupling to c-Cbl and receptor ubiquitylation also differentially regulates signaling through the EGFR/ ErbB signaling network, which is composed of four structurally related growth factor receptors and 10 EGF-like ligands. The combinatorial interactions of ligands, receptors and effectors in the multilayered ErbB network enable numerous levels of regulation, which control the specificity and diversity of signaling and biological responses (reviewed in Yarden and Sliwkowski, 2001 ). The outcome of ErbB activation depends upon the complement, duration and kinetics of signaling pathways, which in turn are dictated by the identity of the ligand and receptor dimer. The most oncogenic member of the ErbB family, namely ErbB-2 (also called HER2), poorly couples to c-Cbl . In fact, only EGFR/ErbB-1, a receptor that strongly couples to c-Cbl, is effectively directed to a degradative fate following binding of ligand (Baulida et al., 1996; Pinkas-Kramarski et al., 1996) . Further, when EGFR heterodimerizes with ErbB-2, its ability to recruit c-Cbl is reduced and both receptors undertake a recycling fate (Lenferink et al., 1998; Muthuswamy et al., 1999; Worthylake et al., 1999) . This observation may explain the ability of an overexpressed ErbB-2 to enhance signaling by a large group of growth factors (Klapper et al., 1999) , which is relevant to breast and other human carcinomas that overexpress ErbB-2 in a manner that predicts poor patient survival (reviewed in Yarden and Sliwkowski, 2001) . Deletion mutants of EGFR characterize another set of human malignancies, glioblastomas. EGFRvIII is a mutant lacking a portion of the extracellular domain, and its transforming activity is correlated with defects in internalization and ubiquitylation by c-Cbl (Schmidt et al., 2003) . Another mutant, EGFRvV, which harbors a truncated cytoplasmic domain with no Cbl docking site, shares a similar mechanism of receptor dysregulation (Frederick et al., 2000) .
Interestingly, the anomalous endocytic behavior of ErbB-2 and its relative high oncogenic potential are coupled to an alternative pathway of degradation, which may bear value for attempts to intercept this oncoprotein pharmacologically. ErbB-2, but not other members of the family, is a client for the Hsp90 chaperone, which acts in concert with other chaperones and partners to promote correct protein maturation, folding and trafficking (Neckers, 2002) . Antagonizing the function of Hsp90 using geldanamycin, a benzoquine ansamycin, resulted in the endocytosis and degradation of ErbB-2 subsequent to ubiquitylation by the U-box-containing E3 ligase CHIP (Zheng et al., 2000; Xu et al., 2002) . This pathway is also induced by cellular stress such as heat shock, and can be induced by small molecule tyrosine kinase inhibitors (Citri et al., 2002) , which underscores potential therapeutic implications.
Concluding remarks and open questions
Rather than distinguishing between constitutive and regulated endocytosis, ubiquitin may serve as a signal regulating the fate of internalized receptors. Evolution has enabled receptors to couple to different pathways of endocytosis that lead to recycling or degradation, depending on the necessity for signal termination or the continued presence of receptors on the cell surface. Although monoubiquitin serves as an internalization signal, ubiquitin-independent mechanisms of internalization are observed for multiple receptors, presumably as a result of redundant pathways of internalization. However, through a mechanism conserved from yeast to mammalian systems, ubiquitin may be the major signal regulating entry into MVB and degradation, instead of the default for endocytosed proteins to undergo recycling. An interesting case in point is the yeast G-protein-coupled receptor Ste3p, whose constitutive endocytosis involves ubiquitylation and degradation, whereas the ligand-induced pathway utilizes a different mechanism and leads to recycling (Chen and Davis, 2002) . Mammalian receptors that undergo constitutive endocytosis, such as TfR, typically also utilize ubiquitin-independent internalization signals resulting in recycling. In contrast, constitutive endocytosis of EGFR, which may be involved in maintaining appropriate levels of cell surface receptors, depends on Eps15 (Confalonieri et al., 2000) and Hgs, and involves receptor ubiquitylation and degradation .
Recent years have seen major advances in understanding the mechanisms through which ubiquitin regulates trafficking along the endocytic pathway. Endocytic adaptors containing ubiquitin-binding domains, such as Eps15, Hgs and Tsg101, appear to recognize ubiquitylated cargoes, and link these proteins to both the clathrin machinery and the endosomal ESCRT complexes that promote sorting into internal MVB vesicles. Nonetheless, there remain many open questions regarding the regulation of ubiquitylation, which appears to be extremely complex, as can be expected for a protein modification with so many functions. The mechanisms regulating the type of ubiquitin modification are unclear. In the context of endocytosis, it will be of interest to determine whether protein modification with one or multiple monoubiquitin moieties plays a role in cargo sorting or endocytic adaptor protein function, through binding to distinct ubiquitin interacting proteins or by conferring resistance to de-ubiquitylation. In addition, the specificity of different ubiquitin-binding domains for mono-or multiubiquitylation remains to be determined, as well as whether there is a requirement for sequence or structural context provided by the ubiquitylated protein. Further, while many de-ubiquitylating enzymes have been identified, their function, as well as specificity for distinct substrates and/or types of ubiquitin linkage, remains unclear. Characterizing the ubiquitylation acceptor lysine residues within RTKs may provide insights into these matters. However, these sites remain unknown, although an EGFR mutant containing lysines only within the kinase domain underwent Cbl-mediated ubiquitylation and degradation, suggesting that one or several lysines within this region can serve as ubiquitylation sites (Mosesson et al., 2003) . Additionally, several ubiquitin-like molecules, including SUMO-1 and Nedd8, have been characterized, and may impact on the ubiquitin system. For example, modification by SUMO-1 can occur on the same lysine residues that undergo ubiquitylation, which can negatively regulate polyubiquitylation and prevent degradation (Muller et al., 2001) . In addition, modification with both SUMO-1 and ubiquitin have been shown to regulate nuclear localization, and the full implications of the function of ubiquitylation in regulating the subcellular localization of proteins, perhaps through binding to ubiquitin recognition motifs, have yet to be uncovered.
Finally, the multiple functions of the ubiquitin system may enable its manipulation in aid of clinical benefit in many pathological conditions. Dysregulation of EGFR and many other RTK plays an important and causative role in a wide variety of human cancers, and harnessing ubiquitylation-regulated degradation is an attractive approach for therapeutic strategies. Indeed, Herceptin/ Trastuzumab s , an ErbB2-directed antibody currently in clinical application for the immunotherapy of breast cancer, may function in part through endocytic downregulation of ErbB-2 (Klapper et al., 2000) . In addition, the Hsp90 antagonist geldanamycin, which promotes ErbB-2 ubiquitylation and degradation, is in clinical trials. Finally, detailed understanding of ligand-induced pathways of receptor destruction may open the way for novel treatments, such as engineering artificial, cellpenetrating E3 ligases suitable for pharmacological application.
Note added in proof: Three recent publications further characterized the interaction between Hgs/Vps27 and Tsg101/Vps23, and implicated Hgs in the recruitment of Tsg101 to endosomes (Bache et al., 2003a; Katzmann et al., 2003; Pornillos et al., 2003) .
